Abstract The holy city of Lord Jagannath is situated on the sea shore of the Bay of Bengal in Odisha state in India. Puri is a city of high religious importance and heritage value, details of the rituals, fairs, and festivals, and related aspects are covered extensively. It is found that water levels in two wells (Ganga and Yamuna) are declining and the causes are studied by undertaking modeling study of rainfall-recharge processes, surface water-groundwater interactions, and increasing demands due to urbanization at basin scale. Hydrochemical analysis of groundwater samples indicates that pH value is varying from 7 to 8.4 and electrical conductivity (EC) is found in between 238 and 2710 lmhos/cm. The EC values indicate that the shallow groundwater in Puri is not saline. Stable isotopic signatures of O-18, Deuterium indicate two different sources are active in the city area. In most of the handpumps, water recharged by the surface water sources. From the current investigation, it is evident that in a few handpumps and most of the dug-wells, isotopic signatures of water samples resembles with local precipitation. The groundwater recharge is taking place from the north-southern direction. Visual MODFLOW has been used for studying groundwater aspects and different scenarios have been developed. It is suggested to maintain water level in Samang Lake to restore depletion in groundwater level in two wells.
Introduction
Puri, the holy city of Odisha has a remarkable value in the field of art, architecture, literature, religion, and tradition. Puri is the seat of Lord Jagannath, the Lord of Universe. This place is an important religious centre for Hindus. The sanctity of the place is well known to all the pilgrims of the world. During the British Rule, Puri municipality was formed in 1881 as per the recommendation of D. Smith. During the period 1822-1826, Puri city was connected with Calcutta by road. Puri is an important ancient town of Odisha. It always attracts number of pilgrims, devotees, visitors, and scholars. Puri city occupies a high position in the sky of religious work. Its contribution in the field of religion and culture is far reaching.
This holy city's sacredness is inherent in the sacred 'Mahaprasad (sacred food items)' of Lord Sri Jagannath. Mahaprasad includes cooked rice, dal, vegetable curry, sweet-dishes, cakes, etc. Dry confectionaries are prepared of sugar, jaggary, wheat flour, ghee, milk, and cheese, etc. and offered to God. It is on record that as many as 56 items of food were being offered to the deities at Madhyana Dhupa (lunch) since 1910. The 'Anand Bazar' of Sri Mandir (temple) can feed more than 1 lakh people in a day and 60 quintals of rice are cooked every day. In this holy city, the pilgrims and tourists get the sumptuous taste of several varieties of nutritious Orissan food in typical Oriya recipes. For making Mahaprasad and to meet the activities of Anand Bazar and temple rituals, water from two open wells called Ganga and Jamuna are utilized actively. Recently, it has been reported that two wells are unable to provide sufficient water for temple activities. Therefore, it is very important to determine the causes owing to decline in groundwater water level by undertaking modeling study of rainfall-recharge processes, recharge area identification using stable isotope analysis, surface water-groundwater interactions, and increasing demands due to urbanization at basin scale.
Recharge of groundwater is one critical aspect in resource management, and isotopes can help determine both the area and the rate of recharge. The area can be identified by measuring 2 H and 18 O concentrations and correlating them to the altitude at which precipitation could have infiltrated the ground. The rate can be measured by tracing levels of radioactive tritium in soil at various depths. In many instances, the tritium ''peak'' can be found at considerable depths, which indicates the distance travelled by the moisture since being deposited as tritium fallout in 1963. Isotopes can provide preliminary indications of the flow paths and origins of the water. This information is important to access the groundwater during drilling. Radioactive and non-radioactive or ''stable'' isotope information is, thereafter, integrated with other available data to produce a comprehensive hydrological concept of the groundwater system.
Several researchers reported various applications of environmental isotopes in hydrologic studies, such as identification of source of recharge and estimation of groundwater quantity, quality, dating and their interconnections; seepage from canals, reservoirs, tunnels, etc. estimation of fraction of snow melt and ice melt in glacier discharges; dynamics, and sedimentation in lakes. Yehdeghoa et al. (1997) determined the water balance of small dredging lakes located in the climatic zones and their impact on the adjacent groundwater field using heavy stable isotopes of water, deuterium, and O-18. employed isotope techniques to study the dynamics and sedimentation patterns of lake Naini, India. A tritium and water balance coupled model was developed and allows for the estimation of lake and groundwater residence time. Gibson et al. (2002) made a isotope-based approach and water balance assessment to estimate the throughflow, residence time, and catchment runoff to 70 headwater lakes on the Borreal plain and uplands of northern and north-central Alberta, Canada. Vandenschrick et al. (2002) focus on the d
18 O-dD relationships of local precipitation to explain the isotopic variability of large karstic aquifers. The isotopic composition of groundwater sampled along altitudinal gradient from the recharge zone to coastal plain is defined. Gibson (2002) found that evaporation rates predominantly control the rates of isotopic enrichment in small shallow lakes in a continental, low Arctic setting due to extreme seasonality and extreme departures from isotopic steady state during ice free period. Gurrieri and Furniss (2004) found that the degree of groundwater inflow differs widely between lakes ranging from negligible to direct communication with the local ground water system. For lakes with groundwater inflow, a major portion of the solute load is contributed by groundwater compared with other inputs. Mayr et al. (2007) made a stable isotope data base (d   2   H  and d 18 O) for estimating evaporation to inflow ratios (E/ I) and water balances of lakes in semi-arid southern Patagonia. Further precipitation, groundwater and atmospheric water vapor were sampled for isotope analyses. Brock and Edwards (2007) developed a new coupled isotope tracer method for characterizing the isotopic composition of input water to lakes, and apply it in the context of ongoing hydrological process studies in the Peace-Athabasca Delta in the boreal region of Western Canada. Blasch and Bryson (2007) estimated stable isotopes of hydrogen and oxygen from precipitation and ground water were used to infer locations where ground water is recharging in regional-sized basins. Longinelli et al. (2008) made measurements of the isotopic composition of surface water samples of the garda lake carried out between 1998 and 2006 and showed constant d 18 O, dD, d-excess values through time. The isotopic composition of the groundwater is close to the mean isotopic composition of precipitations in the area and catchment basin. Demlie et al. (2007) study intends to provide basic data for the scientific community and water resource developers which involve estimating the components of hydrologic cycle. The hydraulic relation of the lakes and surface water and groundwater interaction also got addressed. Shivanna et al. (2008) employed environmental isotope techniques to identify the recharge areas of springs in mountainous region of Gaucher area, Chamoli district, Uttarakhand, India. Brock et al. (2009) applied a coupled isotope tracer model to quantify end of thaw season lake water balance in the Slave River Delta, Canada during 2003-2005 which effectively differentiates the relative importance of hydrological processes across the complex freshwater landscape. Yeh et al. (2009) reported the stable isotopes of oxygen and hydrogen were used as tracers to determine the seasonal contributions of precipitation and river water to the groundwater in ChihPen and Jin-Lun Creek basins. Turner et al. (2010) employed isotopic evolution in d 18 O-d 2 H space, input water composition (dl), evaporation to inflow ratios, and field observation studies to identify snowmelt dominated, rainfall dominated, groundwater influenced, evaporation dominated, and drained type lakes influencing the lake water balance. V azquez- Sũńe et al. (2010) reported use of isotope analysis to identify urban groundwater recharge for Barcelona city aquifer. Shaw et al. (2013) monitored lake surface elevations and water table fluctuations to study the local aquifer characteristics. Some of the studies are reported on the origin of groundwater resources, evaporation, and the state of the waters and the depth of the water table (Wassenaar et al. 2011; Babka et al. 2011; Vodila et al. 2011) .
In a study to trace groundwater salinization processes in coastal aquifers in Italy, Mongelli et al. (2013) analyzed the use of stable isotopes and observed from the d 18 O and dD plot that most of the waters fall between the regional meteoric water line and the global meteoric water line, to indicate that are meteoric in origin. Sharma and Tyagi (2014) reported that there are several conventional methods exist to study the different hydrological processes for a variety of water resources. Recently, a few studies are reported on ground water and tap water across South Africa (West et al. 2014) ; composition of springs and rain water in various sampling sites of Western Crete (Dimitriou and Tsintza 2015) ; ground water recharge, groundwater surface water interaction, ground water salinization, and contamination studies (Sharma et al. 2015; Ali et al. 2015; Isokangas et al. 2015) .
The hydrological phenomena in a watershed are not independent events, but rather interactive feedbacks between hydrologic processes. Comprehensive and quantitative understanding of hydrologic feedback processes is important for the effective water budget and the provision against potential risks to water resources (Winter et al. 1998; Guo 2002; Brooks et al. 2003; Ward and Trimble 2004; Brutsaert 2005; Gupta 2010 ). Various techniques and models have been developed to estimate the hydrologic processes. To avoid the overdraft and declining groundwater level, it is important to understand the behavior of an aquifer system subjected to artificial stresses. Simulation modeling is an excellent tool to achieve this goal. Groundwater simulation models are useful in simulating groundwater flow scenarios under different management options and thereby taking corrective measures for sustainable use of water resources by conjunctive use of surface water and groundwater.
During the last 20 years, various studies have been taken up for groundwater flow simulation in different basins using MODFLOW and other models (e.g., Reichard 1995; Onta and Das Gupta 1995; Ting et al. 1998; Reeve et al. 2001; Lin and Medina 2003; Rodriguez et al. 2006; Zume and Tarhule 2008; Al-Salamah et al. 2011; Gaur et al. 2011; Xu et al. 2012) . Groundwater flow models have become almost a routine tool of the practicing hydrologist. Yet, surprisingly, a little attention has been given to true verification analysis of studies using these models (Alley and Emery 1986) . They concluded with general perspectives on groundwater modeling gained from this post-audit analysis. A spatially distributed water balance model is developed by Batelaan and Smedt (2007) to simulate longterm average recharge depending on land cover, soil texture, topography, and hydrometeorological parameters, which provides a better insight into the sustenance and management of groundwater resources. A groundwater flow model constructed for the Nabogo Basin using MODFLOW (Lutz et al. 2007 ) and different scenarios are developed with increased population and decreased rainfall for current and possible rates of recharge and groundwater extraction. Gaur et al. (2011) reported that the groundwater flow model for on the sub-basin of the Banganga River, India, has been developed using MODFLOW. The groundwater of this sub-basin meets the domestic and agricultural demands of Jaipur city in India and the nearby areas. Baldwin et al. (2012) discussed participatory approaches of interpretation and communication of scientific knowledge about groundwater hydrology can assist communities' understanding and acceptance of the need for better management. Xu et al. (2012) presented MOD-FLOW with SWAP package to simulate a regional groundwater flow problem in Hetao Irrigation District, upper Yellow River basin of north China, and found that the simulated water table elevations matched well with the observed ones except at the early period during which they were slightly higher than the observed ones. Mohanty et al. (2013) reported a comparison between MODFLOW and the artificial neural network (ANN) model in simulating groundwater levels in an alluvial aquifer system for Mahanadi deltaic system. Recent studies are reported using MODFLOW to simulate groundwater flow and interaction with surface water components (Park et al. 2013 , Su et al. 2014 ; Simon et al. (2015) assess MODFLOW and MT3D capabilities for simulating the spread of contaminants.
In the Puri district, groundwater utilization for irrigation is quite limited and stage of groundwater development as per Groundwater Estimation Committee (GEC 1997) is 7.23%. Thus, there is a large scope for groundwater development for augmenting irrigation potentials and agricultural production. Groundwater is also a dependable source for drinking water. In this context, an attempt has been made to compile and analyze all available hydrogeological and hydrochemical data. In the current investigation, an attempt has been made to identify recharge source and estimate probable contribution from different sources to groundwater recharge using stable isotope analysis for Puri city in Odisha. Visual MODFLOW has been used for studying groundwater aspects to sustain groundwater resources.
Study area details Location
The study area of Puri city ( Fig. 1 
) lies between 19°44
0 -19°58 0 north latitudes and 85°42 0 -85°54 0 East longitudes falling in Survey of India Toposheet No. 74 E,I, 73 H, L situated near the sea shore of Bay of Bengal. It is situated 65 km away from Bhubaneswar, the administrative capital of Odisha state. Administratively, the town of Puri is divided in 30 wards with the major population concentrated around the famous temple of Jagannath. Geographically, the Puri town is abounded by the sea on the south, Bhargavi river in the north, Mangala River in the west, and Baligkhanda reserved forest in the east. The town is connected by broad gauge railway line to most part of the country. City is very old with history dating back to 3rd Century BC. Puri got prominence when the ruling kings built Shree Jagannath temple. The present temple was built in 12th Century AD. Puri was declared a town on 19 January 1865 and Municipality on 1 April 1881. Present day town within Municipality limits spread over 16.84 km 2 and Puri is considered a holy place.
Population and tourist visit
The population of the Puri city district as per 2001 census data is 1,25,199. Population is estimated to be 1,86,000 in 2008. As per 2011 census, population has increased to 201,026 with male population of 96,759 and female population of 104,267 in 2011. The town resident population is growing exponential since 1941 and has not stability yet through land available is restricted. Devotees and tourists come to Puri all round the year. They offer prayer, enjoy the pristine beauty of sea, and relax. Over the years floating population is increasing. Average number of tourists visiting the town per day is 15,000. Estimates suggest that people visiting Puri on Car festival day (a festival celebrated each year on a pre specified day) reach a peak of 1.0 million. Visitors during car festival recorded in 1841, 1892, and 1901 were 0.112, 0.2, and 0.3 million, respectively. In year 2008 and 2014 on car festival day, about 0.8 and 1 million people visited Puri. The coast line of the town is about 6.59 km along. Many star hotels have been constructed in recent years by private entrepreneurs along the beach boosting tourism.
Climate
The area enjoys a subtropical humid climate characterized by three distinct seasons-summer, winter, and rainy. The winter season starts from November and continues till mid- February. The summer season lasts till first week of June. The rainy season starts from the second of June and continues till September. May is the hottest month and December the coldest. Maximum temperature goes up 37-14°C, in the winter. The climate of Puri in summer is warm and humid with average maximum and minimum temperature of 37.5 and 27°C, respectively. The climate in winter is cool and pleasant with average maximum and minimum temperature 28.2 and 15.2°C, respectively. About 74% of the rainfall is received during monsoon season from June to September. Maximum precipitation occurs in July On average, there are 71 rainy days in year. The normal rainfall of the district is 1449 mm, whereas received more than 1554 mm of rainfall during 2001 from the southern monsoon. About 74% of the annual rainfall is received from June to September. During 1991 the Puri block received maximum rainfall of 3410 mm. The rainfall data are presented in Table 1 . The relative humidity is generally high throughout the year, and at Puri, it varies from 62 to 85%. The mean monthly potential evapotranspiration values ranges from 57 mm in January to 254 mm in May.
Urban hydrogeology
Puri which is one of the coastal towns Eastern India is known all over the world as an important centre of pilgrimage and an enchanting beach. Over thousands of pilgrims and tourists visit the town every year. Initially, the human settlement started around the temple of Lord Jagannath. Inhabitations were improperly planned and connected with narrow lanes. Over the years, the town has grown all around the temple and speeded in all directions. The town is underlain by unconsolidated alluvial formation of recent age. The coastal sand dune occurs almost parallel to the shoreline and the width varies from 100 m to 7 km. The lower deltaic plains occur adjacent to the coastal sand dunes and width varies from 5 to 10 km. Extensive agriculture has been observed around Puri town in the deltaic plains. The sand and gravel layers form the prolific aquifers which are interconnected. The depth of dug wells varies from 5 to 15 m and depth to water level ranges from 1.0 to 12 mbgl. The geographical logging reported the presence of fresh water aquifer up to 42 m depth and then from 210 to 244 m depth. Old town of Puri which is a cluster of residential colonies, small temples and dharmasalas surrounding the famous temple of lord Puri Jagannath is situated on sand dunes. The ground slope is from east northwest to east southeast.
Water supply to Puri town
In the absence of any major surface water source, groundwater from is the only alternative for water supply to Puri town. The raw water for domestic supply to the town is presently being augmented from the two groundwater well fields located at the eastern and western boundaries of the town apart from other deep tube wells and hand pumps located at various places. Details of water supply from various systems are given in Table 2 .
Methodology Stable isotope characterization
A network of dug wells and hand pumps is established for collection of groundwater water samples. In addition, surface water samples from canal and water bodies have also been collected. The field investigations like geo-hydrological studies, sampling for quality, and isotope analysis were undertaken in and Puri city. Hydrological investigations were conducted to collect water samples from about 21 locations well (Fig. 1 ) spread all over the study area. The water samples of river water, canal water, tank water, and groundwater were collected during March 2010. Efforts were made to avoid any contamination, evaporation, and effect of exchange with atmosphere. The procedure of sampling water for deuterium and oxygen-18 analyses is very simple. A very small amount of sample is enough. However, to be on safer side and for repeated measurements, a minimum of 20 ml sample is collected in a HDPE bottle. While collecting samples, groundwater from tube wells and hand pumps water was left for sufficient time, so that the sample represents groundwater of the aquifer understudy. The sample bottles were sealed with wax and transported to laboratory for isotopic analysis. The physical properties of water are measured in situ. The in India which also gets most of the precipitation during south-west monsoon and from weather systems of Bay of Bengal are adopted. The same isotopic characteristic of precipitation is considered as representative of local precipitation of the study area.
Meteoric water lines
Water and solutes found in various segments of the hydrological cycle or the same segments during different seasons or under different climatic conditions would show useful variation in their concentrations because of the isotope fractionation process. One can notice measurable differences in isotopic character, and reasonable explanations are at hand for such observation of variations in the nature. Dansgaard (1964) conducted one of the earliest studies of the d 18 O in precipitation. Here, d value is the most common way to express the difference in isotopic composition between a sample and a reference with a ratio of R value, which is a reference standard for the substance. This difference is most commonly expressed in terms of parts per thousand or permil (%) and is symbolized by d. The relation between dD and d 18 O that has been observed in global precipitation is expressed mathematically by the equation known as global meteoric water line (GMWL).
The relation between dD and d 18 O can be written in a standard form as a linear equation
where A is the 'slope' and d is the 'intercept' or 'D 
Deviation in meteoric water line
A complicating factor for deviation in meteoric line is the cloud formation and precipitation. During cloud formation and during precipitation, droplets becomes sufficiently large in descent and they may evaporate and exchange water molecules with the air below the clouds. Low-level moisture may be isotopically distinct from upper level moisture. In addition, on its way down through the air, the droplet is likely to encounter air with the humidity less than 100%. Thus, evaporation from the droplets occurs which is a fractionating process. Thus, the first precipitation droplet to fall through dry air is likely to show kinetic isotopic enrichment. Their values would fall to the right of the global meteoric line. Indian Meteoric Water Line is
The other process that can move waters to the right of meteoric line is oxygen isotope exchange with carbonate or silicate rocks. Water can have a varied history, including oxygen fractionation, between various types of rocks at significant depths in the earths crust. Waters discharged from volcanoes and hot springs help us to study directly the isotopic composition of deep geothermal waters. Craig (1961) demonstrated through oxygen and hydrogen isotopic determination that the majority of hot springs are dominated by meteoric water. According to Gibson et al. (2003) , models developed.
Groundwater flow model
The groundwater modeling has been performed using Visual MODFLOW 2.1 version. MODFLOW is the US Geological Survey modular finite-difference based flow model that solves the groundwater flow equation. The program is used to simulate the flow of groundwater through aquifers. The governing flow equation for three dimensional saturated flow in saturated porous media is:
where K x , K y , and K z = hydraulic conductivity along the x, y, and z axis which are assumed (m/s); h = piezometric head (m); Q = volumetric fluxper unit volume representing source/sink terms; S s = specific storage coefficient defined as the volume of water released from storage per unit change in head per unit volume of porous material. The different input layers, i.e, recharge, boundary conditions, well locations, and hydraulic conductivity, have been input and created a model in Visual MODFLOW Package for the Puri study area. Collected data have been used as an input for MODFLOW model. Boundary conditions, river, drain, wells were well data based in the model. The different boundary conditions used in the groundwater model, such as no flow in the western side, constant head of Samang Lake part, and the part of Bhargavi River, and drains have been marked for the respective areas for groundwater flow modeling. The groundwater contour map has been obtained for the larger area than the study area from the Central Ground Water Board, Odisha, Bhubaneswar. The NIH (Tyagi et al. 1993 (Tyagi et al. , 1995 case studies' reports analyzed for defining the model boundary. As per the map, flow direction is from north-west to south and south east side of the study area. Some part of the west boundary is defined by the no flow boundary and Samang lake area as constant head boundary to accommodate the incoming groundwater from north direction (Fig. 1) . The topography of the study area is very flat due to the coastal alluvium plain. The elevation of the top surface in the study area varies from 25 to 0 m. Adjusting the top and bottom surfaces in the model is a difficult task and accuracy of the results of the model depends upon the accuracy of the layer. Krigging method has been used for interpolation, and accuracy of the DEM near the ponds has been improved by giving more points for interpolation. Intensive work has been carried out to define the top surface of the study area, and SRTM data were used in digitization of surface contours and verified with maps procured from district open series maps of survey of India. The bottom surface has been assumed as sandy alluvium as the study team enquired form State Groundwater Department, Odisha, Bhubaneswar.
Results and discussions Groundwater quality analysis
The hydro-chemical analysis results of groundwater, surface water collected in and around Puri city, and sea water samples collected from Bay of Bengal during the month of March and November 2010. Total 21 samples were collected and analyzed for various physical and chemical parameters, like pH, electrical conductivity, Total dissolved solids, total hardness, total alkalinity, calcium, magnesium, sodium and potassium, and anions, such as chloride, bicarbonate, sulphate, and nitrate, for ascertaining the potability of water. The range of pH during the surveys is 7-8.4 in pre-monsoon and 7.3-8.25 in post-monsoon period. As a whole, the pH of the water samples is within the range of potability. The range of conductivity in the pre-monsoon period is ranging between 231 and 2710 lmhos/cm, and in post-monsoon period, it is 260-1690 lmhos/cm. Most of the wells in the study area are fit for drinking only the water at P. Ramachandrapur is slightly exceeding the limits. The samples collected from Ganga and Jamuna well in Jagannath Temple are reported to be excellent waters and having good taste as well. A total dissolved solid is an indication of the overall chemicals/ ions present in the water sample and their amount decides the taste/salinity or health of the water. Except at P. Ramachandrapur, almost all wells are within the range of drinking water standards. For a good drinking water, the TDS value may be around 500 mg/l. The variation of TDS in and around Puri city is presented in Fig. 2 . The presence of carbonates, bicarbonates, and hydroxides is the most common cause of alkalinity in natural waters. The minimum and maximum alkalinity in the pre-monsoon ranges from 136 to 592 ppm, and in post-monsoon, it ranges from 148 to 714 ppm. All the wells are satisfying the standard range except at P. Ramachandrapur. The range of sodium in the samples during pre-monsoon period is 16-360 ppm, and in post-monsoon, it varies between 9 and 160 ppm.
Total hardness is due to the presence of Calcium and Magnesium ions. The range of calcium content during March 2010 is between 18 and 88 ppm, and in November 2010, it is in the range of 20-88 ppm and magnesium content is between 8 and 83 ppm in March and 12-64 ppm in November 2010. In general, both the ions are within the limits in most of the wells, and overall, it is satisfying both the ions. Calcium and magnesium along with their carbonates, sulphates and chlorides make the water hard, both temporarily and permanently. The total hardness ranges between 80 and 540 ppm in March and 97-481 ppm in November 2010. As the water at P. Ramachandrapur is again exceeds the limits and showing high values of hardness. Most of the wells are showing overall hard water. Mainly, chloride content is important for taste consideration. No adverse health effects on human have been reported from intake of waters containing even higher concentration of chloride. The chloride content in the waters varies between 20 and 548 ppm in March and 44-212 ppm in November 2010 with higher values at P. Ramachandrapur.
Sulphate content more than 150 mg/l is objectionable for many domestic purposes. Water containing more than 500 ppm sulphate tastes bitter and it has purgative effect beyond 1000 ppm. The sulphate content in the study area varies between 4 and 216 ppm in March and 4-87 ppm in November 2010. Again, well at P. Ramachandrapur has the higher limit of the sulphate. Nitrate is effective plant nutrient and moderately toxic. Its concentration above 45 mg/l in drinking water may prove detriment to human health. The nitrate value in the study area ranges between 0 and 118 ppm in March and 0-134 ppm in November 2010. Excess nitrates may influence only the infants by reducing the hemoglobin in the blood of the infants.
After considering the above all parameters and the overall chemistry of the waters in and around Puri city, both surface and groundwater are suitable for drinking. Only, the well at P. Ramachandrapur is showing adverse values and may not be suitable for drinking purpose. The wells located in the Jagannath temple, namely Ganga and Jamuna, are having good quality of waters, even though there are slight differences in the parameters. The variations of the parameters in the samples between pre-monsoon and post-monsoon are due to dilution of the samples during the monsoon period. The concentrations will go down due to mixing of rain water with the ground or surface waters in the monsoon and reflects in the post-monsoon samples.
Isotope analysis
The dD vs d
18
O plot for Regional MWL and best-fit lines for river water, canal water, and ground water, in the study period of the study area is presented in Fig. 3 . The 'slope' and 'D excess' or 'intercept' of best-fit lines of different types of water is shown in tabular form in Table 3 . On regional scale, the results indicate that the slope of GWL of dug wells is 4.56 and hand pumps is 5.80 and is less than that of MWL south India, i.e., 7.82, river water and canal water, i.e., 7.77. This shows residual liquid water that has undergone evaporation and plots to the right of the meteoric water line. GWL of hand pumps shows less evaporation effects than dug wells. The intercept of GWL for dug wells is -9.33 and for hand pumps is -5.02, and is less than that of Regional MWL, i.e., 10.22, river and canal water, i.e., 6.24. This also indicates that the recharge conditions to groundwater are almost constant. 
Surface water and groundwater interaction
The surface water and groundwater interaction may be studied by groundwater modeling, channel water balance, isotope mass balance method, and/or by statistical method using the river and groundwater-level fluctuation data. The statistical method based on Darcy's law involves analyses of the river water levels and groundwater levels adjacent to the river. Here, procedure isotope mass balance method is dealt briefly.
The approach is based on the fact that if the rivers originates at higher altitudes and has a different stable isotopic composition than that of groundwater that is recharged by infiltration of local precipitation, then stable isotopes can be used to understand river and groundwater interaction. In most of the cases, the stable isotope 18 O is utilized for determining the contribution of groundwater to the river flow. For example, the isotopic balance and mass balance equations of an admixture of rainwater and groundwater in a stream can be written as
and
where Rg and Rr are the isotopic composition of the groundwater and the river water, respectively, and mg and mr are the fractions of ground water and river water, respectively; in the admixture, Ram is the isotopic composition of the admixture. From the above two equations, we have
Therefore, by knowing the value of Rg, Rr, and Ram, the fraction of river water mixed with ground water can be evaluated. The d 18 O 16 values of different types of waters in and around Puri city are shown as graph plot and in tabular form are depicted in Fig. 4 . The values of d 18 O 16 for precipitation are taken as those for Kakinada city, and for the river or canal water, these are taken at Binaca canal and Samang lake to evaluate the composition of precipitation and canal or river water in the groundwater at dug wells and tube wells in the study area.
The contribution of recharge from precipitation or rainfall and canal water is estimated using
18 O values at all dug well and hand pump location of the study area to understand the dominating factor of recharge source using the mass balance approach and the results are presented in Table 4 . The areal extent of influence of recharge from precipitation to the groundwater in and around Puri city is shown in Fig. 5 as rainfall-recharge contour plot. Similarly, the areal extent of influence of recharge from river and canal water to the groundwater in the study area is shown in Fig. 6 as surface water recharge contour plot. It is evident from Fig. 5 that the temple wells Ganga and Jamuna are predominantly recharged from precipitation. Due to rapid urbanization of the Puri city, the recharge to wells is influenced adversely by not only due increase in pumping of groundwater but also due to reduction in uncovered or open recharge area like green belt and vegetation and land use or cover change towards increasing residential and commercial built up areas. Hence, the recharge to temple well can be enhanced not only by regulating over exploitation of groundwater areas around the temple complex, but also by increasing rainfall recharge by taking up artificial recharge systems do divert excess runoff from rooftops and paved areas around the temple complex. Appl Water Sci (2017) 7:3583-3598 3591 Groundwater flow analysis A previous study of Central Groundwater Board (Roy 2004) has been used to identify the land use/land cover of the study area. The soil and land-use/land cover property of the area have been used to delineate the recharge polygons and to mark the recharge areas. Rainfall, river discharges are the main sources of groundwater recharge in this area. Average annual recharge values of 250 mm/year is used for the model. The study area falls in coastal alluvium; clear demarcation of the boundary is limited up to groundwater table depth. The study area falls within the drain in north-west direction (Dhauriha nala), north-east (Kanchi nala), and Bay of Bengal in south. Extensive field investigation has been carried out in the study area and interacted with field department to obtain most of the parameters used in MODFLOW. Conductivity has been collected from the previous published papers and literature (Mohapatra 2011 ) having values as K x (0.005 m/day), K y (0.005 m/day), and K z (0.0005 m/day). The map of recharge zones which is made by soil and land-use map of the study area is either scrubby or under rice cultivation consists of sandy soil with the agriculture and fallow land type land use. The urban area with buildings and concretized roads reduced the recharge and increased usage due to inflow of tourists. Hydraulic parameters of the previous studies reported by Singh et al. (2002) are taken into consideration during model calibration. The major part of the study area is covered by alluvium, which is covering 70% part of the study area and composed of sandy, forms the principal and potential confined aquifers. The thickness of the alluvium varies from 80 to 120 m in different parts of the study area. The bore wells are the only source to fulfill domestic demands of this area. Data related to pumping wells have been collected by local administrative authority. Average discharges from the pumping wells have been found in the range of 2000 m 3 /day. Due to the presence of illegal pumping wells and insufficient data, total water consumption has also been calculated by other methods reported by Mohapatra (2011) . 
Model calibration
In this study, different model parameters are estimated independently to increase the model accuracy and this helps to reduce the importance for extensive calibration of the model parameters. Although calibration of the model has been performed by comparing the computed and observed values of groundwater head at different locations in the study area, the calibration of hydraulic conductivity parameter has been done in steady-state condition by modifying it in different zones. The model has been calibrated in the steady-state condition with the available data. The groundwater head developed by the steady-state condition has been taken as the initial head for transient run of model. The constant head boundary has also been calibrated in the steady-state condition to incorporate the inflow from adjacent aquifer. The accuracy of the model could be understood with the grid size from 500 9 500 m. The head of constant head boundary has also been calibrated in steady-state condition. Figure 7 depicts the computed water level contour graph which is almost matching with the observed values of groundwater depth in steady-state condition. It may be noted that the observed groundwater level varies from 0.5 to 4.75 m in three different observation wells in the study area. Sensitivity analysis has been performed for the value of hydraulic conductivity. The calibrated value of hydraulic conductivity has been increased and decreased by 20%, and its effect has been observed at the location of observation wells.
Modeling scenarios
A scenario has been developed to maintain water level in Samang Lake through river or canal flow that would be able to meet the demand at Chakratheerth pumping well that would provide water to the entire study area of Puri city completely. The effect of this scenario has been observed at evenly distributed different control points around the potential zones, including abstraction by Hotels. Effect of reduction of rainfall in terms of net recharge is also studied. The scenario has been developed using MODFLOW keeping head as 5 m at Samang lake and groundwater-level plots are depicted in Fig. 8 . It may be noted that water spread area of Samang lake was 5.57 km 2 as per 1972-1973 Survey of India map, and from our field investigation, it was found that water spread area during March 2010 has been reduced to less than 100 m 2 . The whole lake area has been converted into agriculture field. During rainy season, the entire lake area becomes over flooded and cropping activities are resumed only after flood recession. This may be another reason, as recharge area is drastically reduced by converting the lake area into agriculture activity as there is no water storage available during summer season; ground water flow is reduced towards Puri city. It is, therefore, recommended to restore Samang Lake and maintain water level so as to prevent more declination in groundwater level towards Puri city. Second scenario Fig. 6 Areal extent of influence of recharge from river or canal water in the groundwater in and around Puri city has been developed considering first scenario with heavy pumping rate of 2000 m 3 /day in the wells within the study area, and computed flow direction is presented in Fig. 9 . It is observed that due to heavy pumping, water table is declining by 4-6 m in the study area and continuous pumping may lead to sea water ingress. Therefore, it is essential to rejuvenate the Samang Lake and maintain water level, so that water would be available to Puri city.
Conclusions
This study investigates the causes of decreasing water level in two wells (Ganga and Yamuna) inside the Jagannath Temple in Puri city, India, which is engendering water scarcity for day to day temple activities. In the investigation, isotope analysis has been conducted followed by hydrochemical analysis to find out the recharge zone. The causes are studied by undertaking modeling study of rainfall-recharge processes, surface water-groundwater interactions, and increasing demands due to urbanization at basin scale. Hydrochemical analysis of groundwater samples indicates that pH value is varying from 7 to 8.4 in premonsoon and 7.3 to 8.25 in post-monsoon period and electrical conductivity (EC) is found in between 238 and 2710 lmhos/cm. The EC values indicate that the shallow groundwater in Puri is not saline. Overall, chemistry of the waters in and around Puri city indicates that both surface and groundwater are suitable for drinking except well at P. Ramachandrapur which is exhibiting adverse values and may not be suitable for drinking purpose. Water quality analysis indicated that the wells located in the Jagannath temple testifying good quality of waters. To identify the groundwater source/s, isotopes like O-18, deuterium and water chemistry data have been analyzed. The stable isotopic signatures indicate that there are two different recharge sources active in the city area. It may be noted that most of the handpumps, water recharged by the surface water sources. From the current investigation, it is evident that in a few handpumps and most of the dug wells, isotopic signatures of water samples resembles with local precipitation. The groundwater recharge is taking place from the north-southern direction. Isotopic signature indicates that temple wells (Ganga and Jamuna) are predominantly recharged from precipitation. As a result of rapid urbanization, the recharge to wells is not only influenced adversely by increase in pumping of groundwater but also due to reduction in uncovered or open recharge area. It is recommended that the recharge to temple well can be enhanced by (1) regulating over exploitation of groundwater areas around the temple complex and (2) increasing rainfall recharge in and around the temple complex by taking up artificial recharge systems to divert excess runoff from rooftops and paved areas. Visual MODFLOW has Fig. 7 Plot showing groundwater contour for computed water level been used for studying groundwater aspects of Puri city. Different scenarios have been developed to understand groundwater condition in and around Puri city. It is found that groundwater flow takes place from north to south which resembles with isotopic signature. It is recommended to maintain water level in Samang Lake to restore depletion in groundwater level in Ganga and Yamuna wells. 
